Constraints on the unitarity triangle angle γ from Dalitz plot analysis of
Introduction
One of the most important challenges of physics today is to understand the origin of the matter-antimatter asymmetry of the Universe. Within the Standard Model (SM) of particle physics, the CP symmetry between particles and antiparticles is broken only by the complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix [1, 2] . An important parameter in the CKM description of the SM flavour structure is γ ≡ arg [−V ud V * ub /(V cd V * cb )], one of the three angles of the unitarity triangle formed from CKM matrix elements [3] [4] [5] . Since the SM cannot account for the baryon asymmetry of the Universe [6] new sources of CP violation, that would show up as deviations from the SM, are expected. The precise determination of γ is necessary in order to be able to search for such small deviations.
The value of γ can be determined from the CP -violating interference between the two amplitudes in, for example, B + → DK + and charge-conjugate decays [7] [8] [9] [10] . Here D denotes a neutral charm meson reconstructed in a final state accessible to both D 0 and D 0 decays, that is therefore a superposition of the D 0 and D 0 states produced through b → cW and b → uW transitions (hereafter referred to as V cb and V ub amplitudes). This approach has negligible theoretical uncertainty in the SM [11] but limited data samples are available experimentally.
A similar method based on B 0 → DK + π − decays has been proposed [12, 13] to help improve the precision. By studying the Dalitz plot (DP) [ Fig. 1 ), can be exploited to obtain additional sensitivity compared to the "quasi-two-body" analysis in which only the region of the DP dominated by the K * (892) 0 resonance is selected [15] [16] [17] . The method is illustrated in Fig. 2 , where the relative amplitudes of the different channels are sketched in the complex plane. The B 0 → D 0 K * 0 (V cb ) amplitude is determined, relative to that for B 0 → D * − 2 K + decays, from analysis of the Dalitz plot with the neutral D meson reconstructed in a favoured decay mode such as D 0 → K + π − . The V ub amplitude can then be obtained from the difference in this relative amplitude compared to the V cb only case when the neutral D meson is reconstructed as a CP eigenstate. A non-zero value of γ causes different relative amplitudes for B 0 and B 0 decays, and hence CP violation. The method allows the determination of γ and the hadronic parameters r B and δ B , which are the relative magnitude and strong (i.e. CP -conserving) phase of the V ub and V cb amplitudes for the B 0 → DK * 0 decay, with only CP -even D decays required to be reconstructed in addition to the favoured decays. This feature, which is in constrast to the method of Refs. [7, 8] that requires samples of both CP -even and CP -odd D decays, is important for analysis of data collected at a hadron collider where reconstruction of D meson decays to CP -odd final states such as K 0 S π 0 is challenging. The Dalitz analysis method also has only a single ambiguity (γ ←→ γ + π, δ B ←→ δ B + π), whereas the method of Refs. [7, 8] has an eight-fold ambiguity in the determination of γ.
This paper describes the first study of CP violation with a DP analysis of B 0 → DK + π − decays, with a sample corresponding to 3.0 fb −1 of pp collision data collected with the LHCb detector at centre-of-mass energies of 7 and 8 TeV. The inclusion of charge conjugate processes is implied throughout the paper except where discussing asymmetries.
Detector and simulation
The LHCb detector [18, 19] is a single-arm forward spectrometer covering the pseudorapidity range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector includes a high-precision tracking system consisting of a silicon-strip vertex detector surrounding the pp interaction region, a large-area silicon-strip detector located upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip detectors and straw drift tubes placed downstream of the magnet. The tracking system provides a measurement of momentum, p, of charged particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV/c. The minimum distance of a track to a primary vertex, the impact parameter, is measured with a resolution of (15 + 29/p T ) µm, where p T is the component of the momentum transverse to the beam, in GeV/c. Different types of charged hadrons are distinguished using information from two ring-imaging Cherenkov detectors. Photons, electrons and hadrons are identified by a calorimeter system consisting of scintillating-pad and preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified by a system composed of alternating layers of iron and multiwire proportional chambers. The online event selection is performed by a trigger, which consists of a hardware stage, based on information from the calorimeter and muon systems, followed by a software stage, in which all charged particles with p T > 500(300) MeV/c are reconstructed for 2011 (2012) data. A detailed description of the trigger conditions is available in Ref. [20] .
Simulated data samples are used to study the response of the detector and to investigate certain categories of background. In the simulation, pp collisions are generated using Pythia [21] with a specific LHCb configuration [22] . Decays of hadronic particles are described by EvtGen [23] , in which final-state radiation is generated using Photos [24] . The interaction of the generated particles with the detector, and its response, are implemented using the Geant4 toolkit [25] as described in Ref. [26] . . The fraction of the signal function contained in the core and the relative width of the two components are constrained within uncertainties to, and all other parameters are fixed to, their expected values obtained from simulated data, separately for each of the three D samples. An exponential function is used to describe combinatorial background, with the shape parameter allowed to vary. Due to the loose NN output requirement it is necessary, in the D → K + π − sample, to account explicitly for partially combinatorial background where the final state DK + pair originates from a B decay but is combined with a random pion; this is modelled with a non-parametric function. Non-parametric functions obtained from simulation based on known DP distributions [38] [39] [40] [41] [42] [43] [44] are used to model the partially reconstructed and misidentified B decays.
Selection
The fraction of signal decays in each NN output bin is allowed to vary freely in the fit; the correctly reconstructed B The results of the fits are shown in Fig. 3 , in which the NN output bins have been combined by weighting both the data and fit results by S/(S + B), where S (B) is the signal (background) yield in the signal window, defined as ±2.5 σ(core) around the B 0 peak in each sample, where σ(core) is the core width of the signal shape. The yields of each 
No category in these regions, which correspond to 5246.6-5309.9 MeV/c 2 , 5246.9-5310.5 MeV/c 2 and 5243.1-5312 Tables 1, 2 
Projections of the fits separated by NN output bin in each sample are shown in Figs. 4, 5 and 6. The fitted parameters obtained from all three data samples are reported in Table 4 . The parameters µ(B), N (core)/N (total), σ(wide)/σ(core) are, respectively, the peak position, the fraction of the signal function contained in the core and the relative width of the two components of the B 0 signal shape. Quantities denoted N are total yields of each fit component, while those denoted f i signal are fractions of the signal in NN output bin i (with similar notation for the fractions of the partially reconstructed and combinatorial backgrounds). The NN output bin labels 1-5 range from the bin with the lowest to highest value of S/B.
Dalitz plot analysis
Candidates within the signal region are used in the DP analysis. A simultaneous fit is performed to the samples with different D decays by using the Jfit method [46] as implemented in the Laura++ package [47] . The likelihood function contains signal and background terms, with yields in each NN output bin fixed according to the results obtained previously. The NN output bin with the lowest S/B value in the D → K + π − sample only is found not to contribute significantly to the sensitivity and is susceptible to mismodelling of the combinatorial background; it is therefore excluded from the subsequent analysis.
The signal probability function is derived from the isobar model obtained in Ref.
[27], with amplitude LHCb (e)
Data
Total fit [27, 37, 40, 48] . The values of the c j coefficients are allowed to vary in the fit, as are the shape parameters of the nonresonant amplitudes.
For the D → K + π − sample, the contribution from the V ub amplitude followed by doubly-Cabibbo-suppressed D decay is negligible. This sample can therefore be treated LHCb (e)
Total fit as if only the V cb amplitude contributes, and the signal probability function is given by Eq. (1). For the samples with D → K + K − and π + π − decays, the c j terms are modified,
with x ±, j = r B, j cos (δ B, j ± γ) and y ±, j = r B, j sin (δ B, j ± γ), where the + and − signs correspond to B 0 and B 0 DPs, respectively. Here r B, j and δ B, j are the relative magnitude and strong phase of the V ub and V cb amplitudes for each K + π − resonance j. In this LHCb (e)
Total fit analysis the x ±, j and y ±, j parameters are measured only for the K * (892) 0 resonance, which has a large enough yield and a sufficiently well-understood lineshape to allow reliable determinations of these parameters; therefore the j subscript is omitted hereafter. In 
where the uncertainties are statistical only. No significant CP violation effect is observed, consistent with the expectation that V ub amplitudes are highly suppressed in this control channel.
Systematic uncertainties
Sources of systematic uncertainty on the x ± and y ± parameters can be divided into two categories: experimental and model uncertainties. These are summarised in Tables 5 and 6 . The former category includes effects due to knowledge of the signal and background yields in the signal region (denoted "S/B" in Table 5 ), the variation of the efficiency ( ) across the Dalitz plot, the background Dalitz plot distributions (B DP) and fit bias, all of which are evaluated in similar ways to those described in Ref. [27] . Additionally, effects that may induce fake asymmetries, including asymmetry between B 0 and B 0 candidates in the background yields (B asym.) as well as asymmetries in the background Dalitz plot distributions (B DP asym.) and in the efficiency variation ( asym.) are accounted for. The largest source of uncertainty in this category arises from lack of knowledge of the DP distribution for the B 0 s → D * K − π + background. Model uncertainties arise due to fixing parameters in the amplitude model (denoted "fixed pars." in Table 6 ), the addition or removal of marginal components, namely the The results, with statistical uncertainties only, for the complex coefficients c j are given in Table 7 . Due to the changes in the selection requirements, the overlap between the D → K + π − sample and the dataset used in Ref.
[27] is only around 60 %, and the results are found to be consistent.
The results for the CP violation parameters associated with the B 0 → DK * (892) as contours in Fig. 9 .
The GammaCombo package [55] is used to evaluate constraints from these results on γ and the hadronic parameters r B and δ B associated with the B 0 → DK * (892) 0 decay. A frequentist treatment referred to as the "plug-in" method, described in Refs. [56] [57] [58] [59] , is used. Figure 10 shows the results of likelihood scans for γ, r B and δ B . Figure 11 shows the two-dimensional 68 % confidence level for each pair of observables from γ, r B and δ B . No value of γ is excluded at 95 % confidence level (CL); the world-average value for γ [60, 61] has a CL of 0.85.
The B 0 → DK * (892) 0 decay can also be used to determine parameters sensitive 
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In the quasitwo-body analysis, the results depend on the effective hadronic parameters κ,r B and δ B , which are, respectively, the coherence factor and the relative magnitude and strong phase of the V ub and V cb amplitudes averaged over the selected region of phase space [17] . Precise definitions are given in the Appendix. These parameters are calculated from the models for V cb and V ub amplitudes obtained from the fit for the 
Appendix: Quasi-two-body parameters
In the quasi-two-body analyses of B 0 → DK * (892) 0 decays, the following parameters are defined [17] :
|A cb (p)| 2 dp |A ub (p)| 2 dp ,
r B = |A ub (p)| 2 dp
where all the integrations are over the part of the phase space p inside the used K * (892) 0 selection window. In these equations, |A cb (p)| and |A ub (p)| refer to the magnitudes of the total V cb and V ub amplitudes, and δ(p) is their relative strong phase. In terms of the parameters used in this analysis, 
which are obtained by replacing all r B,j by r B,j /r B and all δ B,j by δ B,j − δ B in Eqs. (6)- (8) . These quantities are determined from the results of the Dalitz plot analysis. An alternative fit is performed with x ±, j + iy ±, j , defined in Eq. (2), replaced by r B, j exp [i (δ B, j ± γ)]. [12] T. Gershon, On the measurement of the unitarity triangle angle γ from B 0 → DK [55] GammaCombo framework for combinations of measurements and computation of confidence intervals, http://gammacombo.hepforge.org/, CERN.
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